The new efficient and environmentally safe methods for preparation of various classes of organic and organoelement compounds, including organonickel sigma-complexes and organophosphorus compounds bearing P-C bonds have been created using the electrochemical methods. The synthetic application of the elaborated techniques towards the process of formation of new carbon-carbon, carbon-metal and carbon-phosphorus bonds are discussed. The mechanisms of the proposed processes and the nature of the formed in the overall electrochemical process intermediates are disclosed. The elaborated methods operated in the principals of "green chemistry" can be considered as an efficient alternative to some classical methods for preparation of active catalysts, biologically active molecules and new polynuclear complexes displaying practically useful properties.
Introduction
The development of new industrially applicable synthetic methods for preparation of organoelement compounds and functional materials is one of the key tasks of the modern chemical science [1, 2] . The application of the electrochemical techniques is a highly efficient alternative to classical synthetic procedures due to relatively cheap and the most convenient type of 'green' energy [3] [4] [5] . The use of the electron as an "universal" and "inexhaustible" reagent is the main advantage of the electrochemical techniques applied for preparation of chemical compounds of different classes [3] . Moreover, the electrochemical synthesis is one of the easiest and cheapest way to organometallic species which can be used as high efficient catalysts for different reactions including homo-and cross-coupling of organic substrates, oligomerization and polymerization processes [6] [7] [8] [9] .
Synthesis, electrochemical properties and synthetic application of organonickel sigma-complexes
Organonickel sigma-complexes can be characterized as key intermediates of catalytic processes involving nickel complexes, including homo-and cross-coupling of organic halides, halogenated phosphorus and catalytic oligomerization of ethylene [6] [7] [8] [9] . The preparation of organometallic sigma-complexes usually involves the Grignard reagents and require, as a rule, ecologically dangerous and flammable conditions [9] [10] [11] . In some cases this creates some limitations for industrial application of the laboratory elaborated technology.
In general, the processes of the preparation of organonickel complexes involve two types of the reactions. First one proceeds without formation of new metal-carbon like ligand exchange reactions, reactions of some other sigma-bond in the molecule, and the reactions where the formation of new metal-carbon bond takes place [9, 10] . Below we can briefly consider the main principles of these approaches.
Synthesis Ligand exchange reactions
The ligand exchange reaction is the simplest way to organonickel complexes. Usually this reaction is used for changing the ligand environment in the complex structure. This procedure can be easily performed by using stronger coordinating ligand which can substitute the weaker one. Thus it is clear that in this case the synthetic possibilities are limited by the nature and the coordination properties of the applied ligands [12] .
Organometallic reagents
The reaction of organomagnesium or organolithium reagents with nickel halides is the major synthetic direction to organometallic sigma-complexes. One of the methods of realizing this process is using a ligand exchange reaction to get the organometallic compound. This is due to the accessibility and easy synthesis of lithium, magnesium or aluminum organic reagents. Usually the reaction of the formation of nickel-carbon bond carries out by using of the Grignard reagents followed by the ligand exchange reaction [9, 10, 13] . The stable organonickel complexes formed by phosphine and α-diimine ligands, bearing sigma-bonded aromatic group can be easily obtained by this procedure involving tertiary phosphines and diimine derivatives and the ligands [14] .
The using of organolithium reagents leads to the formation of organonickel complexes with alkyl substituents containing two Ni-C sigma-bonds. However, these complexes are stable only at low temperatures and due to this reason their application is limited. Recently Yamamoto has described the synthesis of organonickel complexes from [Ni(acac) 2 ], where acac = acetylacetone, and alkyl-aluminum in the presence of tertiary phosphines [15] .
Thus, the obtaining of organonickel complexes with one, two and more Ni-C sigma bonds is possible using organometallic reagents. The limitation of this method is the reactivity of the ligand bonded to nickel center with used organometallic reagents and the nature of the substituents in the organic fragment. The detailed mechanism of these processes has been described in the review [16] .
Oxidative addition
The reactions of oxidative addition involving nickel (0) complexes are the most common processes for preparation of organonickel species [9, 10] . By analogy to the Grignard reagents, nickel (0) species capable to activate carbon-halogen bond forming oxidative addition products with new metal-carbon sigma-bond. The oxidation degree of the metal centre is changed to the positive values that shows of its oxidation. Thus the terminology oxidative addition is mainly related to the metal as the metal loses, as a rule, two electrons.
First examples of the oxidative addition reactions of the organic halides to nickel (0) complexes have been described by Jones et al. [17] . The formation of biaryls takes place in these conditions. The use of the nickel (0) complexes allows also to get access to the derivatives of dihalogenated compounds [18] . Concerning the mechanism of the oxidative addition, here two types have been proposed. The first one involves threecenter addition and S N 2 substitution. The second one can be characterized as multistage process involving paramagnetic intermediates. Thus high selectivity in the reaction with polyhalides allows concluding that the mechanism of the process is an analog to the known nucleophilic aromatic substitution. However, the formation of paramagnetic nickel (I) complexes and the products formed in a radical way in reaction of some aryl halides with nickel (0) complexes supposes a possibility of the second type process.
It should be noted that the synthesis of organonickel complexes by oxidative addition also can be performed by insertion to the carbon-element bond. Thus, in the desulphurisation of dibenzothiophene, the formation of organonickel complexes is realized by the reaction of [Ni(bpy)(COD)], where COD = cyclooctadiene-1,5 with sulfur-containing substrate [19] . The use of Raney nickel is a typical example of the oxidative addition to the С-S and С-O bonds of aromatic esters [20] and epoxides [21, 22] .
The experimental results allow concluding that the rate of the oxidative addition reaction is the function of the nature of the halogen and organic group. It is strongly decreased from C-I > C-Br > C-Cl to C-F. Only some nickel (0) complexes stabilized by sigma-donor ligands, as trialkylphosphines, hydrides can be involved in the reactions of oxidative addition with С-F derivatives bearing sp 2 and even sp 3 hybridized carbon atoms. Thus, special attention is currently devoted to the elaboration of the new processes for activation of relatively inert C-F and C-CN bonds. The recent examples involve activation of C-F bond in tertafluorobenzenes [23] .
As a variant of the oxidative addition reaction, the processes where the generation of nickel (0) complexes takes place in situ by the reductive elimination of two alkyl substituents from the coordination sphere of nickel complex can be considered. The first example of this reaction was published by Yamamoto [24] , where the reaction of [Ni(CH 3 ) 2 According to Tamaru [10] , main possible oxidative addition reactions to ordinary chemical bonds leading to organonickel complexes can be presented as follows (Fig. 1) .
It should be noted that oxidative addition reactions also available for unsaturated compounds. During this interaction the decomposition of the π-bond and formation of two new Ni-C bonds take place. The oxidative addition can be realized by the π-bonds of different molecules leading to formation of new cyclic organometallic compounds. The first example was described more than 60 years ago in the reaction of cyclooctatetraene formation in the reaction of acetylene tetramerization (Reppe synthesis) [25] . The other unsaturated organic substrates such as alkynes and dienes are capable to react with carbon mono-and dioxide, aldehydes, ketones and imines with formation of cyclic products with Ni-C sigma-bonds [26] [27] [28] . 
Electrochemical synthesis
As a variant of the oxidative addition reaction, the electrochemical methods have been applied for preparation of organonickel complexes by reaction of electrochemically generated in situ highly reactive nickel (0) complexes in the presence of ortho-substituted aromatic bromides [29] [30] [31] . Recently, we have shown that diimine organonickel σ-aryl complexes [NiBr(aryl)(N-N)] (N-N = 2,2′-bipyridine, 1,10-phenanthroline) bearing orthosubstituents in the σ-bonded aromatic ring can be efficiently synthesized using electrochemical techniques, either in a single electrochemical cell with a sacrificial nickel anode [30, 31] , or in an electrochemical cell supplied with a diaphragm for separation of the anodic and cathodic compartments [29] . The mechanism of the overall process involves cathodic in situ electrochemical generation of the highly reactive nickel (0) complex [Ni 0 (bpy)] followed by oxidative addition of ortho-substituted aryl bromides (arylBr), while the anode material (Mg, Zn, Ni, or Al) is oxidized (Scheme 1). For stabilization of the electrochemically generated nickel (0) complex, two equivalents of 2,2′-bipyridine are required. Thus, the complexes [NiBr 2 (bpy) 2 ] has been used as the starting reagent for this synthesis.
The use of the sacrificial anodes in electrochemical processes allows to increase the efficiency of the electrolysis and to simplify the electrolyser construction, namely to exclude some technical difficulties caused by the use of the diaphragm [32] [33] [34] . Moreover, this technique allows to exclude the anodic oxidation of electrochemically formed nickel (0) complexes and generation of the oxidants such as molecular bromine and peroxides capable to oxidize both formed reduced nickel complex and the organonickel species. The sacrificial anode nature has a crucial influence on the efficiency of electrochemical synthesis of organonickel sigma-complexes [30] . The highest yields of organonickel sigma-complexes were obtained in undivided electrochemical cell supplied with sacrificial nickel anode [35] .
In this case, the anodically generated cations are the source of nickel ions for the formation of organonickel complexes, since they are able to form complexes with bpy in solution and take part in the electroreduction process followed by the formation of desirable organonickel species. Thus, 2,2′-bipyridine and aromatic bromide are the main consumable reagents, excepting the electrochemically soluble nickel anode, in the electrochemical preparation of organonickel complexes. The reaction undergoes the catalytic cycle with complete absence of the side products (Scheme 2).
Various organonickel complexes of type [NiBr(aryl)(bpy)], where aryl = Xyl (2,6-dimethylpenyl), Mes (2,4,6-trimethylphenyl) and Tipp (2,4,6-triisopropylphenyl) have been synthesized using this method. Recent example includes the preparation of sterically hindered organonickel sigma-complex [NiBr(Tchp)(bpy)], where Tchp = 2,4,6-tricyclohexylphenyl, bearing bulky substituents in the aromatic ring which is difficult to produce by classical synthetic procedure (Fig. 2 ) [36] . According to the X-ray data the nickel centre to be coordinated in a distorted square-planar environment by a chelating bpy ligand and a mesityl-group and a bromo-ligand are in a cis arrangement. According to the X-ray crystal structure analysis the aromatic ring is perpendicular to the N,N,Ni plane, apparently due to steric interaction of the ortho-substituents of the aromatic group with the cis bromo ligand and the ortho hydrogen atom of bpy [14, 29] .
Alternatively, the related organonickel complex bearing unsubstituted phenanthroline ligand [NiBr(Mes) (phen)] was successfully synthesized using a modified electrochemical procedure in a single electrochemical cell supplied with a sacrificial nickel anode [37] . Although the yield of organonickel sigma-complex [NiBr(Mes)(phen)] in the electrochemical process is little bit less than in case of the classical ligand exchange reaction, this method seems more convenient, because allows direct access to this specie starting from the binary nickel salt without preparation of flammable Grignard reagents or unstable [Ni(COD) 2 ] complex [38] .
The synthesis of organonickel complexes of the type [NiBr(aryl)(N−N)], where aryl = 2,4,6-trimethylphenyl and N−N = α-diimine ligand, was recently described by Klein et al. [39] [40] [41] [42] . But they use classic chemical synthesis procedure and the number of complexes that can be obtained using this method are limited due to possibility to use only Mes as a sigma-bonded aromatic fragment.
Electrochemical properties
The use of the electrochemical analytical methods allowed investigating the processes of the electrochemical reduction of organonickel complexes. The first experiments of the detailed study of the electron transfer in the organonickel α-diimine complexes have been performed by Klein et al. [43] [44] [45] . The experiments were limited to organonickel complexes of type [NiBr(Mes)(N-N)], where N-N = diimine ligand. It was established that the electron transfer to the nickel diimine complexes results in formation of the radial anion where the electronic density is mainly located on the diimine ligand [46, 47] . Later the electrochemical properties of the organonickel sigma complex [NiBr(Mes)(bpy)] were investigated [45] . It was established that stabilization of the electrochemically formed radical anion [NiBr(Mes)(bpy)]˙− proceeds by reaction of bromide-anion elimination with formation of coordinatively unsaturated radical [Ni(Mes)(bpy)]˙ complex. Thus, for the series of the organonickel complexes of type [NiBr(Mes)(N-N)], where N-N = α-diimine ligand, the following mechanism of electroreduction has been proposed (Scheme 3) [45] . According to the postulated mechanism, after the first electron transfer the bromo-anion is eliminated from the coordination sphere. The coordinatively unsaturated species can be stabilized by the solvent coordination (С 2 ) or by dimerization process (С 2 ′). The dimerization reaction leads to the formation of Ni (Fig. 3, Scheme 4) is very similar to the electrochemical behavior of the related α-diimine complexes [43] [44] [45] .
Very recently the electrochemical properties of some cationic organonickel complexes with terpyridine ligands have been investigated [53] . It was established that organonickel complexes [(R′terpy)Ni(aryl))]X, where R′terpy = alkylsubstituted 2,2′;6′,2″-terpyridyle, aryl = 2,6-dimethylphenyl (Xyl) or 2,4,6-trimethylphenyl (Mes); X = Br or PF 6 , capable to be reversibly reduced with the electron transfer to the π-orbitals of the nitrogen ligand as the oxidation is the nickel centred process and proceeds irreversibly.
We have, therefore, investigated the electroreduction of organonickel complex [NiBr(Mes)(phen)] in an electrochemical EPR flat cell supplied with a sacrificial Al anode as an auxiliary electrode and a Pt cathode. Applying a cathodic potential (E w.e. = −0.65 V vs. Ag/Ag + ) did not give any color change of the solution, but resulted in an EPR signal of the 1,10-phenanthroline radical anion phen˙− [53, 54] coordinated at nickel (g = 2.000) (Fig. 4) . This process is realized at the potentials of peak C1 (Fig. 3 ) and nicely fits with previously published data for related α-diimine complexes [43, 45] . The simulated spectrum was obtained for a hyperfine coupling of two groups of two hydrogens (a H = 0.27 mT and a H = 0.38 mT) and of two nitrogens (a N = 0.32 mT).
In order to confirm the formation of the coordinated phenanthroline radical anion, the free phenanthroline radical anion was also generated electrochemically by applying a constant current to a solution containing 1,10-phenanthroline using the same electrochemical EPR cell (Scheme 5). Tetrabutylammonium cations of supporting electrolyte play a role of the counter ions in the present case. The color of the solution changed to violet and an EPR signal (g = 2.003) was observed (Fig. 5) .
The EPR spectrum was simulated with a hyperfine interaction of two nitrogens (a N = 0.39 mT), two times two hydrogens (a H = 0.275 mT and a H = 0.105 mT) and a line width of 0.05 mT. The experimental spectrum is in good agreement with the simulation, but is less resolved (Fig. 5) . Due to the fact, that the radical anions were produced by electrochemical reduction at a rather high current density we do not have a homogenous concentration of the radicals. In the vicinity of the electrode the concentration is higher than at a larger distance to the electrode surface. Therefore the part close to the electrode surface will experience a larger broadening by dipolar interaction and electron spin exchange also the pH can vary in the electrolyte. The coupling constants are different from those given in the literature, where they were obtained for ion pairs with potassium [54]. The spectrum in [54] was simulated with two a N = 0.28 mT, two a H = 0.041 mT, two a H = 0.360 mT, two a H = 0.280 mT and one a H = 0.041 mT.
The formation of such a coordinatively unsaturated complex may explain the increased reactivity of organonickel sigma-complexes in electrocatalytic processes. The free coordination site at the nickel centre allows coordination of a substrate initiating a new catalytic cycle leading to the coupling product.
Synthetic application
To study the reactivity of these type of complexes the reactions of these compounds with some organic substrates (nitriles, phenylphosphine, white phosphorus) have been performed. The obtained results allow to use this electrochemical method to design different organoelement compounds.
Catalytic ethylene oligomerisation
It was found that electrochemically obtained organonickel sigma-complexes demonstrates high catalytic activity in the ethylene oligomerization process (leading to the formation of linear alpha-olefins of C 4 -C 12 ) fractions, which is higher than the catalytic activity of the related Brookhart-type diimine catalysts [55, 56] .
To convert the organonickel sigma-complex to a catalytic active compound complex must be activated. Traditional method for activation of organonickel sigma-complexes is using of methylalumoxane (MAO), reagent for the decoordination of bromide from the coordination sphere of the nickel complex and creation of a vacant place for monomer (ethylene) coordination. We have elaborated a new convenient method for activation of these compounds. This method based on the electrochemical reduction or oxidation of organonickel sigma-complexes is capable to produce coordinatively unsaturated forms of the complex: radical [Ni(aryl) (bpy)]˙ and cationic complex [Ni(aryl)(bpy)] + , respectively [30] .
Reactions with nitriles
It was found that active form of complex [NiBr(Mes)(bpy)] can convert nitriles (acetonitrile, acetonitrile-d3, propionitrile, chloroacetonitrile, benzonitrile) into corresponding imines containing aromatic moiety from the initial organonickel sigma-complex (Scheme 6). For the activation of the complex a little amount of DMF or boron trifluoride diethyl etherate (BF 3 ·Et 2 O) was used. It was established previously [57] that DMF mole- cules are capable to substitute the bromide anion in the coordination sphere of organonickel sigma-complexes with the formation of cationic complexes which, in turn, can undergo the reaction of ligand exchange with the molecules of nitrile. This result is of interest because the use of DMF as a solvent for the reaction of imines production can allow one to optimize the whole process with the transition of the conditions to one-pot synthesis. This is because the electrochemical generation of organonickel sigma-complexes is also successfully carried out in DMF [30, 31, 36] . In this case the isolation and purification in the intermediate steps is not required. The use of boron trifluoride diethyl etherate (BF 3 ·Et 2 O) allows one to perform the reaction of imines production in nonpolar organic solvents such as benzene, facilitating their separation due to the precipitation of inorganic nickel complexes. The formation of imines in the solution was proved by gas chromatography-mass spectrometry. The behavior and characteristic fragmentation processes in the conditions of gas chromatography analysis for the obtained imines have been investigated.
Reactions with organic phosphines
In the reaction of complex [NiBr(Mes)(bpy)] with phenylphosphine (PhPH 2 ) the obtaining of diarylphosphine mesitylphenylphosphine have been fixed [58] . It was found that this interaction leads to the formation of new carbon-phosphorus bond involving mesityl fragment of starting organonickel sigma-complex. The method avoids using phosphorus chloroderivatives (Scheme 7).
The traditional methods for synthesis of organophosphorus compounds bearing P-C bonds involve the reactions of phosphorus chlorides with the Grignard reagents. These procedures require, as a rule, to use very low-stable and flammable chemical reagents and ecologically unsafe conditions [59, 60] . This creates some limitations in the large-scale production of some organophosphorus derivatives from the viewpoint of environmental safety. The search for new highly effective synthetic methods and procedures, which operate in chlorine free conditions, is a key strategic direction in the development of organophosphorus chemistry. The elaborated method avoids using phosphorus chloroderivatives.
The obtained results are one of the first examples of the use of electrochemically generated organonickel sigma-complexes as substrates in organic synthesis. These results expand the range of possibilities for the synthetic application of organometallic compounds of this type.
Electrochemical phosphorylation
Development of novel technologies for synthesis of inorganic and organophosphorus compounds (OPCs), is a key task of the modern chemistry of phosphorus [61, 62] . In this key elemental (white) phosphorus is a main source for the preparation of various OPCs [62] [63] [64] . The traditional methods for synthesis of organophosphorus compounds bearing P-C bonds involve the reactions of phosphorus chlorides with the Grignard reagents. This technology is energy consuming and ecologically dangerous because of the evolution of toxic substances (HCl, POCl 3 , PCl 5 , and others) during the process. Elemental (white) phosphorus is an electrochemically active compound. The electrochemical reduction of white phosphorus can be used as the main appropriate method for in situ generation of phosphine PH 3 .
Organic halides
We have found that it is possible to obtain the arylation (or alkylation) products of white phosphorus in the presence of electrochemically generated Ni 0 complexes [65] . Then we tried to find the influence of the sacrificial anode nature on the mechanism of electrochemical arylation and alkylation of white phosphorus [66] . It was found that the use of the zinc anode results in the products with tricoordinated phosphorus, viz., triorganylphosphines, the reaction on the aluminum anode affords triorganylphosphine oxides, and the presence of Mg 2+ ions in the reaction mixture provides the transformation of white phosphorus into cyclic phosphines (PhP) 5 . And we can say that white phosphorus can be involved in the reaction with alkyl and aryl halides under conditions of cyclic regeneration of metallocomplex catalyst at the electrode. After that we have found the possibility of electrocatalytic eco-efficient methods to transform white phosphorus into the esters of phosphoric, phosphorous and phosphonic acids, tertiary phosphines and other organophosphorus compounds [67] .
Ketones
Electrochemically generated from P 4 phosphine oxide Н 3 РО reacts with ketones in mild conditions with the formation of mono-or bis-(oxyalkyl)phosphine oxides [68] . The products of the reactions have different thermodynamic stabilities which can be explained by decomposition reaction. According to literature data, decomposition of the products proceeds with the elimination of ketone, like in case of (α-oxy)isopropyldiphenylphosphine oxide [69] .
The interaction of H 3 PO with several ketones (acetone, methylethylketone, methyl-n-propylketone) was found to give selective formation of mono-or bis-(oxyalkyl)phosphine oxides (Scheme 8) [68] . The ratio of the products of mono-and diattachment depends on the bulkiness of alkyl substituent at carbon atom of the used in the reaction ketone. Reaction of H 3 PO with acetone gave the best results by the selectivity of reaction, where only the product of di-attachment of ketone to P-H bonds of phosphine oxide (secondary phosphine oxide) was formed. The use of methylethylketone or methyl-propylketone gives products of both mono-and di-attachment of ketone (primary and secondary phosphine oxides). 
Phosphine oxide
We have proved the generation of phosphine oxide in solution by simple electrochemical methods based on a two-step process involving first the electroreduction of white phosphorus to PH 3 in an acidic water/ ethanol mixture at a lead electrode, followed by PH 3 oxidation at the zinc anode yielding H 3 PO in about 70 % maximum yield [70] . H 3 PO is the first defined compound of phosphorus in the −1 oxidation state. But this compound disproportionates to PH 3 and H 3 PO 2 even at low temperature. We have trapped it by ruthenium complexes (Scheme 9). The formation of these complexes confirmed that the electrogenerated phosphine oxide may be trapped before the disproportionation of phosphine oxide.
Later [71] we have investigated the effect of a sacrificial anode material on the electrochemical generation of phosphine oxide. We have found that the nature of the metal anode has a key effect on the electrochemical generation of phosphine oxide. Thus, H 3 PO can also be easily generated in an undivided electrochemical cell supplied with sacrificial aluminum and tin anodes. It may be the result of coordination and stabilization of phosphine oxide to anodically generated Al 3+ and Sn 2+ cations. The formation of H 3 PO is a very complicated process and it has not been completely understood. In [72] and [73] we have put together some electrochemical reactions of elemental (white) phosphorus and phosphine oxide PH 3 and showed the main topics in his area for that moment.
Organonickel sigma-complexes
We decide to combine two main directions of our investigation (electrochemically synthesized organonickel sigma-complexes and elemental (white) phosphorus chemistry) [74] . It was study of interaction between electrochemically activated sigma-complexes and white phosphorus. The arylphosphinic acids ArP(O)(OH)H formed by hydrolysis of organic nickel phosphides are the major reaction products of the overall process. This suggests that white phosphorus tetrahedron undergoes opening to form a P-C bond.
In [75] we showed the possibility of electrochemical generation of P 4 2− dianion from white phosphorus, which was detected in solution by 31 P NMR spectroscopy, in an undivided cell equipped with a sacrificial metal anode (Al, Co, Nb, Sn). It was shown that anodically generated cations Al 3+ , Co 2+ , Nb
3+
and Sn 2+ can efficiently stabilize electrochemically generated P 4 2− dianion preventing its fast protonation in acidic ethanol/water solution. But we have not obtained the P 4 2− dianion in the electrolysis cell with Cd, Fe, Mg, Ni, and Zn anodes which can also be used in the electrochemical processes involving white phosphorus. Phosphine PH 3 was the main product in these cases. The efficiency of electrochemical preparation of P 4 2− can be increased using organic mediators capable of homogeneous reduction of P 4 in the solution. 
Synthesis of dinuclear complexes
Transition metal complexes containing two or more interconnected metal coordination centers are of high practical interest for different areas of applied chemistry, molecular biology and pharmacology [76] [77] [78] [79] [80] [81] . Presently biand polynuclear complexes formed by bridging {μ-O 2 CR} − (R = H, Alk, Ar) ligands are the most studied systems [79] . However, very restricted number of polynuclear transition metals complexes containing in its structure {μ-O 2 PR 2 } − bridging fragments is currently known [79, 82] . It should be noted that the creation of new types of materials based on polynuclear compounds with organic phosphorus derivatives as the bridging ligands are of high particular interest due to the fact that electronic properties of carbon and phosphorus atoms are different. In this regard, the development of new methods for the synthesis and investigation of the properties of bi-and polynuclear species formed by bridging {μ-O 2 PR 2 } − fragments are very important from the view point of the creation of magnetically active materials [82, 83] and new active catalysts for biological processes [84] . Indeed binuclear complexes of nickel, zinc, cobalt and manganese were found to be important intermediates in biological systems which catalyze the hydrolysis of a range of peptide and phosphate ester bonds via formation of {μ-O 2 PR 2 } − bridged derivatives [85] . These species play a central role in biological processes of oxidative phosphorylation [86, 87] , oxidative decarboxylation [88] , and energy transduction [89] [90] [91] . Recent examples include the use of binuclear nickel (II) complexes as high efficient antibacterial reagents capable for cleavage of DNA [92] .
From the viewpoint of materials chemistry, organic-inorganic hybrids are an important class of compounds in advanced materials design [93] [94] [95] [96] [97] [98] . Some nickel diphosphonates [99] and nickel pyrophosphates [100] showed antiferromagnetic properties and slow relaxation behavior. As a variant of polymetallic nickel complexes with {μ-O 2 PR 2 } − bridges, some nickel phosphonate-carboxylate cages bearing twelve nickel centres were synthesized [101] . Interestingly, a number of pentacoordinate nickel (II) complexes doubly bridged by phosphate ester or phosphinate ligands were synthesized and investigated [102] .
It should be noted that in the reaction of element (white) phosphorus with organonickel complexes the formed insoluble organic nickel phosphides can be easily hydrolyzed by acidic water solutions forming organic phosphinic acids bearing a P-C bond (Scheme 10).
Thus, in case of organonickel sigma-bonded complexes the corresponding arylphosphinic acids were obtained in the moderate yields (up to 64 % by initial nickel complex) [74] . These arylphosphinic acids are capable to react with the starting form of the nickel electrocatalyst. This reaction leads to the formation of new dinuclear nickel (II) complexes which display an electron interaction between two nickel centres, that is very interesting from the view point of magnetic chemistry (scheme 11) [103] . The detailed information about organonickel mono-and dinuclear complexes including their electrochemical synthesis structure and catalytic activity can be found in recently published review [104] .
Conclusions
Thus, the application of the electrochemical techniques towards preparation of organoelement compounds and practically useful materials like new active catalysts, biologically active organophosphorus compounds and dinuclear transition metal complexes displaying magnetic properties can be considered as a new tool for modern synthetic chemistry allowing to create new synthetic procedures operated in ecologically and environmentally safe conditions. These processes operating on the principles of "green chemistry" are also very important from the view point of possible modernisation of the current industrial technology and will improve the environmental situation over the world.
